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a b s t r a c t
This study aims to investigate the batch mode adsorption of Cd(II) from an aqueous solution 
using two adsorbents: raw clay without any treatment (NC) and clay composite beads (CCB). The 
adsorbents before and after adsorption were characterized using several techniques such as X-ray 
fluorescence, X-ray diffraction, Fourier-transform infrared, scanning electron microscopy, ener-
gy-dispersive X-ray, thermogravimetric analysis, differential thermal analysis and zeta potential. 
The influence of the experimental parameters of adsorption such as mass, pH, concentration, con-
tact time, and temperature were studied to optimize them. The results of the kinetic study suggest 
that the adsorption of Cd(II) by NC and CCB can be explained by the pseudo-second-order kinetic 
model. The time after which the adsorption reaction does not evolve was 120 min for both adsor-
bents. The Langmuir isotherm model was found to be the most adequate for Cd(II) adsorption, with 
maximum adsorption capacities of 42.97 and 100.8 mg·g–1 for NC and CCB, respectively. The ther-
modynamic parameters indicated that the adsorption mechanism of Cd(II) on the surface of NC 
and CCB was endothermic, spontaneous, and favorable with a random distribution of Cd(II) ions 
at the solid/liquid interface. The regeneration study showed that NC and CCB are recyclable with. 
These findings suggest that NC and CCB could be used as effective and environmentally friendly 
adsorbents for treating heavy metal contamination in effluents.
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1. Introduction

In the last years, the World Environmental Protection 
Organization has been ringing the alarm bell about aquatic 
pollution by heavy metals coming from human activities. 
Wastewater charged with heavy metals comes from several 
sources. The surface treatment and electroplating indus-
try generates the largest amount of effluent contaminated 
with heavy metals [1]. Other industries are also responsi-
ble for the contamination of wastewater by heavy metals 
such as paper, batteries, pesticides, textile dyeing, paint, 
and others [2]. The toxicity, non-biodegradability, and bio-
accumulation of these pollutants are major problems for 
human health and the ecosystem [3]. Cadmium is among 
the heavy metals that have a harmful effect on the envi-
ronment and living beings. it’s known by their human 
carcinogen character [1]. The maximum concentration of 
cadmium in drinking water should not exceed 0.03 mg·L–1 
according to the World Health Organization (WHO) [4]. 
As a result of these dangerous effects on human health, 
the environment, and the ecosystem, several treatment 
processes are developed to remove these pollutants, such 
as chemical precipitation, flocculation, ion-exchange, elec-
trolysis, membrane processes, and adsorption [5]. Among 
these processes, adsorption is an efficient and inexpensive 
method for the treatment of water contaminated by organic 
and inorganic pollutants. Several studies are focused on the 
use of low-cost materials for the treatment of aqueous solu-
tions contaminated by cadmium, such as, such adsorbing 
power of clays as activated carbon [6], chitosan [7], mod-
ified kaolin [8], zeolite [9], biomass [10], and other adsor-
bents. Activated carbon has been among the most used 
classical adsorbents for the removal of water contaminated 
with Cd(II), but its expensive cost is a great disadvantage, 
hence the search for new materials that are less expensive 
and have higher removal capacity, such as clays and their  
by-products.

Morocco is known by its vast clay deposits. Clays are 
constituted by minerals whose particles are essentially 
phyllosilicates [11]. This type of structure leads to an inter-
esting texture associated with very particular physico-chem-
ical characteristics [12], which explains the adsorption 
capacity of clays. Several studies have proven that clays 
are effective adsorbents for the treatment of wastewater 
loaded with heavy metals. For examples: treatment of aque-
ous solutions contaminated by Cd(II) using Moroccan nat-
ural clays [3], bentonite [13], Turkish illitic clay [14], and 
natural clay southern Tunisian [15]. Many studies have 
also shown the low adsorption capacity of Cd(II) by clay 
[16–18], but it could be increased by thermal and chemical 
treatment, purification or modification [19]. The improve-
ment of the adsorption capacity of clays using sodium 
alginate-clay composites is a current topic. Alginates are 
non-toxic and biodegradable polymers, and their use in the 
clay modification process allows the production of low-cost 
composites with improved adsorption properties [19].

In this context, the objective of this work is to synthe-
size a new adsorbent based on Moroccan clays and algi-
nates to elaborate alginate-clay composite beads. Then 
to study the adsorption efficiencies of Cd(II) in aque-
ous solution by the raw clays and the synthesized beads. 

The influence of experimental adsorption parameters such 
as adsorbent mass, contact time, pH, temperature, and ini-
tial pollutant concentrations was studied to determine the 
optimal adsorption conditions. The isotherms, thermody-
namics, and kinetics of adsorption were studied to under-
stand the interaction of Cd(II) in its ionic form with the 
used adsorbents. The regeneration of the adsorbents after 
adsorption was also studied to evaluate their efficiency.

2. Materials and methods

2.1. Materials and chemicals

The clay used as adsorbent was collected in the region 
of Sidi Moussa El Mejdoub located 12 km north of the 
city of Casablanca in central Morocco. The adsorbent was 
crushed and then sieved to obtain particles with a diame-
ter lower than 200 µm. The pollutant used as adsorbate is 
Cd(II) marketed as CdCl2 distributed by Labo Chimie with 
a purity higher than 99%. Sodium alginate, sodium hydrox-
ide (NaOH, 99%), and calcium chloride (CaCl2, 99%), used 
for the preparation of the clay beads were provided by 
Sigma-Aldrich (Germany).

2.2. Preparation of beads

The protocol for preparing the clay composite beads 
(CCB) is as follows: First, 2 g of sodium alginate (C6H7O6Na) 
powder is added to 100 mL of distilled water and stirred 
for 2 h until the solution becomes homogeneous. Next, 2 g 
of natural clay (NC) is added slowly to the suspension and 
stirred rapidly for 2 h to obtain a well-homogeneous gel. To 
form the beads, a syringe pump is used to prepare perfectly 
spherical drops, which fall into 200 mL of a 1M calcium 
chloride solution (CaCl2) under magnetic stirring. The mix-
ture is then left to cure for 24 h in a cold environment. After 
maturation, the beads are filtered and washed several times 
with distilled water to remove any excess calcium chloride.

2.3. Adsorbents characterization

The Axios X-ray Fluorescence spectrometer was used to 
determine the composition of NC. The crystalline phases of 
NC and CCB were identified using Bruker Binary V4 X-ray 
diffractometer. The FTIR spectrometer Bruker Tensor 27 
(Germany) was used to determine the functional groups of 
NC and CCB before and after adsorption. The JEOL 6300 
(Japan) scanning electron microscope (SEM) coupled with 
energy-dispersive X-ray (EDX) were used to study the micro-
structure and composition of the adsorbents before and after 
adsorption. The Malvern zetameter (United Kingdom) was 
used to measure the zeta potential of adsorbents at differ-
ent acid pH. The cation exchange capacity (CEC) was deter-
mined by the hexamine-cobalt method. Thermogravimetric 
analysis (TGA) and differential thermal analysis (DTA) 
analysis was carried out using LabsysTM Evo (1F) Setaram 
Instrument (France), operating in a temperature range 
between 20°C and 800°C under air flow of 45 mL·min–1. The 
concentration of Cd(II) was determined using Inductively 
Coupled Plasma Mass Spectrometry (ICP-MS) by the 
PerkinElmer model (Germany).
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2.4. Batch adsorption studies

Adsorption experiments were performed with constant 
stirring (250 rpm) to optimize experimental parameters 
such as adsorbents doses (0.025–0.5 g/L), initial solution 
pH (1–6), contact time (0–220 min), initial adsorbate con-
centration (20 to 200 mg·L–1), and temperature (25°C–45°C). 
The pH of the solution was adjusted using NaOH (0.1 M) 
and HCl (0.1 M) solutions. After adsorption, the obtained 
mixtures were centrifuged at 4,000 rpm for 10 min, in order 
to determine the residual concentration. The amounts of 
Cd(II) retained by the materials were determined using 
the following equation.

Q
C C V
m

�
�� �0  (1)

where Q (mg·g–1) is the amount of pollutant adsorbed per 
unit mass of the adsorbents, C and C0 (mg·L–1) are respec-
tively the concentration of Cd(II) after and before adsorp-
tion, V (L) is the volume of the solution, and m (g) is 
the mass of materials used in the test.

2.5. Regeneration study

The recycling of NC and CCB contaminated by Cd(II) 
after adsorption was performed by washing with a concen-
trated hydrochloric acid solution (1 M). The washing time 
and the agitation speed were respectively 1h and 450 rpm, 
After the desorption process, the concentration of Cd(II) 
can be determined by the ICP-MS technique to evaluate 
the effectiveness of the recycling process.

3. Results and discussion

3.1. Characterization of NC and CCB

3.1.1. X-ray fluorescence analysis

Table 1 shows the results of the analysis of the chemi-
cal composition analysis of NC by X-ray fluorescence. The 
obtained results indicate that the following oxides con-
stitute 95.21% of the total mass of NC: Fe2O3, Al2O3, MgO, 

and CaO. Although NC also contains K2O and Na2O, 
their content does not exceed 4.79%. The chemical com-
position of NC, rich in oxides, leads to a high concentra-
tion of exchangeable ions such as Fe2+, Mg2+, Al3+, and K+, 
which favor the adsorption of heavy metals [20].

3.1.2. X-ray diffraction analysis

The diffractograms of NC and CCB obtained by 
X-ray diffraction are illustrated in Fig. 2. The analysis of 
the obtained diagrams shows characteristic peaks of pal-
ygorskite at 25.3°, 27.48°, and 29.78°. The peaks appear 
at 17.78°, 19.76°, 26. 64°, 27.94°, 34.72°, 37.8°, 45.38° and 
61.64° indicate the presence of muscovite, while peaks 
at 31.82°, 41.08°, 44.72°, 50.06° and 67.68° correspond to 
reflections of ankerite. The presence of kaolinite was con-
firmed by their characteristic reflections located at 12.46°, 
23.42°, and 31.82°. Quartz is also present with reflections 
at 20.96°, 26.64°, 36.54°, 39.44°, 40.28°, 42.4°, 50.16°, 50.92°, 
59.96°, 67.68°, 68.16° and 68.54°. The pic located at 30.08° 
corresponds to the reflection of dolomite. The preparation 
of CCB did not result in a change in the location of the 
peaks due to the incapacity of the alginate to intercalate 
between the layers of clay minerals [21,22].

Fig. 1. Schematic presentation of the clay composite beads preparation protocol.

Table 1
Mineral composition of natural clay

Component (%) Natural clay

Na2O 0.287
Al2O3 18.981
SiO2 53.317
Fe2O3 3.478
K2O 1.361
MgO 8.581
CaO 10.843
Other 3,152
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3.1.3. Fourier-transform infrared analysis

The Fourier-transform infrared (FTIR) spectra of NC 
and CCB after and before Cd(II) adsorption are shown in 
Fig. 3. The spectrum analysis of NC shows the presence 
of the bands at 470, 524, and 786 cm–1 related to Si–O–Si, 
Si–O–Al, and Al–OH deformation, respectively [23]. The 
Si–O stretching vibration was confirmed by the bands 
located at 684 and 1,026 cm–1 [24,25]. The bands located at 
1,650; 3,552 and 3,432 cm–1 related to the –OH stretching 
vibration of the coordinated and zeolitic water molecule 
[26]. The band appearing around 1,430 cm–1 can be due to 
the O–C–O bonding vibration of dolomite [27]. The band 
located at 3,618 cm–1 corresponds to the –OH stretching 
vibration of M–OH (M: Mg, Al, Fe) [26]. For the CCB spec-
trum, an intense band was observed at 3,435 cm–1 due to 
the vibration of the hydroxyl groups present in the alginate 
structure. In addition, the band at 1,650 cm–1 was interca-
lated towards the low-frequency 1,635 cm–1, and an increase 
in their intensity due to the overlap made by the carbonyl 
group (–COO) of alginate [28]. After adsorption, the FTIR 
spectrum is almost identical with a change in intensity 
due to the participation of all the functional groups on the 
surface of NC and CCB in the adsorption process [20]. For 
NC a band appeared at 435 cm–1 due to the Cd–O vibra-
tion which confirms the fixation of Cd(II) by the surface  
of NC [4].

3.1.4. SEM analysis

SEM images of NC and CCB before and after Cd(II) 
adsorption are illustrated in Fig. 4. The analysis of the images 
obtained for NC and CCB before adsorption showed a het-
erogeneous and porous surface containing particles as aggre-
gates that formed cavities. A fibrous structure was observed 
in the sample of NC due to the presence of palygorskite. 
It is clearly visible that the morphology of CCB was rich 
in pores compared to NC. After adsorption, the surface of 
both adsorbents becomes homogenous due to the formation 
of a smooth layer on the surface resulting from the Cd(II) 
adsorption. The number of pores tended to decrease signifi-
cantly due to their saturation by Cd(II) ions.

3.1.5. EDX analysis

The EDX analysis of NC and CCB before and after 
adsorption are presented in Fig. 5. The comparison of 
the spectra showed a higher percentage of element O in 
the structure of CCB compared to NC due to the presence 
of alginate in its structure. Additionally, the presence of 
Ca peaks and the increase in the percentage of Cl can be 
explained by the use of CaCl2 solution during the synthe-
sis of CCB. After the adsorption, the appearance of Cd(II) 
peaks on the spectra shows that the Cd(II) ion was suc-
cessfully adsorbed on the surface of both adsorbents.

3.2. Thermogravimetry analysis

The results of TGA and DTA of NC are presented in Fig. 6. 
The first weight loss observed in the temperature range of 
50°C–230°C was attributed to the evaporation of adsorbed 
water and corresponded to the first DTA peak observed at 
80°C. The second weight loss observed between 200°C and 
400°C was attributed to the combustion of residual organic 
matter. The third weight loss observed between 400°C and 
600°C was attributed to the dehydroxylation of kaolinite 
present in NC and the consequent formation of metaka-
olinite, which was supported by the DTA peak observed at 
513°C. Above 600°C, the mass of the sample continued to 
decrease due to the removal of residual hydroxyl groups 
from muscovite.

3.3. Physico-chemical properties

In this study, two physicochemical properties were 
determined for the samples: zeta potential and CEC. The 
zeta potential was used to determine the surface charge of 
the materials. The variation of the zeta potential of CCB 
and NC with pH is presented in Fig. 7. This result indi-
cates that both materials possess a negative surface charge 
across all pH ranges studied and the zeta potential decreases 
with increasing pH. A high CEC value of 85 meq/100 g 
was observed for NC, indicating its high ion exchange 
capacity and swelling character.
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Fig. 4. Scanning electron microscopy images of natural clay (a,b), NC + Cd(II) (c), clay composite beads (d), and CCB + Cd(II) (e).

Fig. 5. Energy-dispersive X-ray spectroscopy patterns of natural clay (a), NC + Cd(II) b), clay composite beads (c), and  
CCB + Cd(II) (d).
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3.4. Adsorption study

3.4.1. Effect of adsorbent dosage

The effect of NC and CCB mass on Cd(II) retention 
is a very important parameter to determine the optimal 

mass used in the adsorption processes. The influence of 
the adsorbent mass was studied for masses ranging from 
0.25 to 10 g·L–1, initial concentration 100 mg·L–1, pH of the 
solution, contact time of 120 min, room temperature, and 
constant stirring speed of 450 rpm. The results obtained in 
Fig. 8 show an increase in the percentage of Cd(II) elimi-
nation with an increase of adsorbent mass, which can be 
explained by an increase in the active adsorption sites [13]. 
However, the quantity of Cd(II) adsorbed per unit mass 
decreases with the increase of the mass of NC and CCB 
due to the problem of access of Cd(II) ions to the active 
adsorption sites caused by the aggregation of the adsor-
bent particles [24]. Beyond 2 g·L–1 for NC and 1 g·L–1 for 
CCB, the adsorption percentage becomes constant due to 
the decrease of the driving force for mass transfer at a low 
concentration of Cd(II) in the solution [25]. The optimal 
masses of NC and CCB are respectively 2 and 1 g·L–1.

3.4.2. Effect of initial pH

The effect of initial pH was studied for pH values rang-
ing from 2 to 6, initial concentration 100 mg·L–1, adsorbents 
masses, respectively 2 and 1 g·L–1 for NC and CCB, contact 
time 120 min, room temperature, and constant stirring speed 
450 rpm. The effect of basic pH was not studied due to the 
precipitation of Cd(II) in the form of hydroxide Cd(OH)2 
[4]. The results obtained in Fig. 9 show a significant increase 
in the adsorption capacities of the adsorbents as the pH 
increases. This can be attributed to the deprotonation of the 
hydroxide groups on the basal surface of the clay miner-
als, specifically the silanol and aluminol groups, as the pH 
increases. This creates negative sites that facilitate the attrac-
tion of Cd(II). Conversely, at lower acidic pH values, it was 
observed that the adsorption capacity of dyes decreased, as 
the presence of H+ ions in the medium competed with Cd(II) 
for the available site. This result suggests that the adsorp-
tion process can be defined by a electrostatic mechanism.

3.4.3. Effect of contact time

The effect of contact time was studied for values rang-
ing from 1 to 240 min, an initial cadmium concentration 

200 400 600 800
82

84

86

88

90

92

94

96

98

100

 TGA
 DTG

Temperature(°C)

-0,06

-0,04

-0,02

0,00

M
ass

 lo
ss 

(%
)

DT
G(

mg
/m

in)

Fig. 6. Thermogravimetric analysis and differential thermal 
analysis diagrams of natural clay.

2 3 4 5 6 7

-35

-30

-25

-20

-15

-10

-5

0

5

Ze
ta

 po
ten

tie
l(m

V)

pH

 NC  CCB

Fig. 7. Variation of the zeta potential of clay composite 
beads and natural clay according to the pH.

0 2 4 6 8 10
0

20

40

60

80

100

0 2 4 6 8 10
0

20

40

60

80

100

120

140

160

180

Re
m

ov
al

 %

R(g.L-1)

 CCB  NC

Q
(m

g.
g-1

)

R(g.L-1)

Fig. 8. Effect of natural clay and clay composite beads dos-
age on the adsorption of Cd(II).

2 3 4 5 6 7

30

40

50

60

70

80

90

Q
(m

g.
g-

1 )

pHi

 CCB  NC

Fig. 9. Effect of initial pH on the adsorption of Cd(II) by 
natural clay and clay composite beads.



87Y. Rachdi et al. / Desalination and Water Treatment 298 (2023) 81–92

100 mg·L–1, adsorbent masses of 1 and 2 g·L–1 for NC and 
CCB, respectively, initial solution pH, room temperature, and 
a constant stirring speed of 450 rpm. The results obtained in 
Fig. 10 indicate that during the first 30 min of the adsorp-
tion experiment, there was a rapid increase in the quan-
tity of Cd(II) ions adsorbed by NC and CCB, then becomes 
slow with time until equilibrium. This result can be 
explained by the availability of active adsorption sites 
at the beginning of the experiment. Over time, the num-
ber of available sites decreased until total saturation [26]. 
The equilibrium times are 120 min for NC and CCB.

3.4.4. Effect of initial concentration

The effect of initial concentration was studied for val-
ues ranging from 20 to 200 mg·L–1, adsorbent masses of 2 
and 1 g·L–1 for NC and CCB, respectively, initial solution 
pH, contact time 120 min, room temperature, and a con-
stant stirring speed of 450 rpm. The results obtained in 
Fig. 11 show that the efficiency of the adsorption process 
was high when the initial concentration of the pollutants is 
low. It attains a percentage of elimination close to 98% for 
the two adsorbents when the initial concentration 20 mg·L–1. 
This result can be attributed to the existence of a sufficient 
number of active adsorption sites [20]. An increase in the 
initial concentration of the solution leads to a significant 
increase in the quantity of cadmium ions adsorbed. This is 
attributed to the enhanced diffusion of the ions Cd(II) from 
the solution towards the surface of the adsorbents [13]. 
After 100 mg·L–1 for NC and 120 mg·L–1 for CCB the adsor-
bents do not continue to adsorb because most of the active 
adsorption sites are occupied by cadmium (saturation) [4].

3.4.5. Effect of temperature

The effect of temperature on the adsorption of cad-
mium by NC and CCB was studied for temperatures rang-
ing from 25°C to 45°C, adsorbent masses of 2 and 1 g·L–1 for 
NC and CCB, respectively, pH of the initial solution, con-
tact time of 120 min, initial concentration 100 mg·L–1 and a 

constant stirring speed of 450 rpm. The results obtained in 
Fig. 12 show an increase in the adsorption capacity with 
the increase in temperature due to the endothermic char-
acter of the adsorption reaction between cadmium and the 
surface of NC and CCB [27].

3.5. Kinetic study

Pseudo-first-order, pseudo-second-order, and intra-
particle diffusion kinetic models were used to describe 
the adsorption kinetics and determine their limit step 
[29]. The linear equations of the kinetic models and their 
parameters are illustrated in Table 2.

The plot of the linear form of these models is illustrated 
in Fig. 12a and b. The kinetic parameters such as kinetic 
constants and correlation coefficients are shown in Table 3. 
It is clearly from the table that the correlation coefficient val-
ues R2 of the pseudo-second-order model are higher than 
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that of the pseudo-first-order for both adsorbents and the 
experimentally adsorbed quantities are adjacent to those 
calculated from the pseudo-second-order model. Therefore, 
the pseudo-second-order model can explain the retention 
of cadmium by NC and CCB. This result indicates that 
the interaction between Cd(II) and the surface of NC and 
CCB is chemical in nature (chemisorption) [20].

The diffusion mechanism was studied using the intra-
particle diffusion model. The multilinear plot obtained in 
Fig. 13c indicates that the adsorption process of Cd(II) by NC 
and CCB occurs in three steps. The first step: the migration 
of cadmium ions from the aqueous solution to the external 
surface of NC and CCB, the second step: the intraparticle 
transfer of Cd(II) ions, and the third step: the fixation of 
ions on the surface of adsorbents [30]. The correlation coef-
ficient R2 of the first stage are the highest which indicates 
that the rate of adsorption was controlled by the transfer 
of cadmium ions to the external surface of the adsorbent.

3.6. Adsorption isotherm

The Freundlich and Langmuir models were used to 
analyze the experimental data and study the distribution 
of Cd(II) between the solid and liquid phases [20]. The lin-
ear equations of the isotherm models and their parameters 
are presented in Table 4.

The plot of the linear form of the Langmuir and 
Freundlich isotherms is shown in Fig. 14 and their corre-
sponding parameters are summarized in Table 5. The com-
parison of the correlation coefficients of the Langmuir and 
Freundlich isotherms allows us to conclude that the iso-
therm explaining the adsorption of cadmium by NC and 
CCB is the Langmuir isotherm because of their highest cor-
relation. This result indicates monolayer adsorption occurs 
between the Cd2+ ions on the homogeneous surface of both 
adsorbents [20]. The values of the separation factor RL were 
0.99 and 0.98, respectively for CCB and NC which indicates 

that the adsorption of Cd(II) on both adsorbents is favor-
able because 0 < RL < 1 [20]. The Langmuir constant (KL) for 
Cd(II) adsorption on CCB is higher than that of adsorption 
on NC which indicates that the interaction between Cd(II) 
and the active adsorption sites is stronger with CCB com-
pared to NC [24]. The maximum adsorption capacities 
obtained are 42.97 and 100.8 mg·g–1, respectively for NC  
and CCB.

3.7. Thermodynamic study

The thermodynamic parameters such as Gibb’s free 
energy ΔG°, enthalpy ΔH° and entropy ΔS allow to under-
stand the effect of temperature and to determine the nature 
of the adsorption reaction [31]. The thermodynamic equa-
tions and their parameters are presented in Table 6.

The thermodynamic parameters presented in Table 7 
indicate negative values of ΔG°, which suggest that the 
adsorption reaction of Cd(II) ions on NC and CCB was 
spontaneous and thermodynamically favorable. The posi-
tive value of ΔH° confirmed the endothermic nature of the 
adsorption reaction between Cd(II) and the surface of NC 
and CCB. The positive values of ΔS° indicated a random dis-
tribution of Cd(II) at the adsorbent/liquid interface during 
the adsorption process. These findings were consistent with 
previous studies in the literature on the adsorption of cad-
mium [5,32].

3.8. Regeneration of NC and CCB

The regeneration of materials is one of the methods 
used to confront the decrease in natural resources and their 
high prices. Several regeneration methods were devel-
oped by researchers including, such as microwave regen-
eration, chemical regeneration, oxidation regeneration, 
thermal regeneration, and other techniques. In this study, 
the regeneration of NC and CCB was carried out by the 

Table 2
Linear equations of the kinetic models and their parameters

Model Linear equation Parameters

Kinetic 
model

Pseudo-first-order ln lnQ Q Q K te t e�� � � � � � 1
Qt: is the quantity retained by the adsorbent at time t (mg·g–1)
Qe: the quantity retained by the adsorbent at equilibrium (mg·g–1)
K1: is the pseudo-first-order rate constant (min–1)
K2: is the pseudo-second-order rate constant (g·mg–1·min–1)
K3: is the rate constant of intraparticle diffusion (mg·g–1·min–0.5)
C: is a constant (mg·g–1)

Pseudo-second-order
t
Q Q

t
K Qt e e

� �
1 1

2
2

Intraparticle diffusion Q K t Ct � �3
0 5.

Table 3
Kinetic parameters for the adsorption of Cd(II) by natural clay and clay composite beads

Adsorbents Qexp 
(mg·g–1)

Pseudo-first-order Pseudo-second-order Intraparticle diffusion

K1 (min–1) R2 Qe (mg·g–1) K2 (g·mg–1 ·min–1) Qe (mg·g–1) R2 Kin1 Kin2 Kin3

Natural clay 37.29 0.014 0.91 6.14 0.003 38.75 0.992 6.74 16.08 0.31
Clay composite beads 88.70 0.0088 0.93 20.03 0.0006 94.69 0.999 7.04 9.27 0.33
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chemical method using a hydrochloric acid solution. The 
results, shown in Fig. 15, indicate that after four cycles of 
regeneration, the percentage of Cd(II) desorption reached 
61.13% and 70.01% for NC and CCB, respectively. The sig-
nificant efficiency of the change over the cycles demon-
strates the regeneration capacity of NC and CCB.

3.9. Comparative study

Table 8 compares the maximum adsorption capacity 
of NC and CCB for cadmium removal with other adsor-
bents. It is clear that the adsorption capacity of CCB and 
NC is higher than some other materials listed in the lit-
erature. This difference may be due to variations in the 

Table 4
Linear equations of isotherms models and their parameters

Model Linear equation Parameters

Isotherm model

Langmuir ln lnQ
n
C Ke e F= =

1 Qe: the quantity retained by the adsorbent at equilibrium (mg·g–1)
Qmax: is the maximum quantity of pollutant retained by the adsorbent (mg·g–1)
Ce: is the concentration of Cd(II) at equilibrium (mg·L–1)
KL: is the Langmuir constant (L·mg–1)
KF: is the Freundlich constant
1/n: is the Freundlich constant which indicates the intensity of the adsorption

Freundlich ln lnQ
n
C Ke e F= =

1
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Fig. 13. Kinetic models for the adsorption of Cd(II) by natural clay and clay composite beads: (a) pseudo-first-order, (b) pseudo- 
second-order and (c) intraparticle diffusion.
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Fig. 14. Adsorption isotherms of Cd(II) onto natural clay and clay composite beads. (a) Freundlich and (b) Langmuir isotherm 
models.

Table 5
Freundlich and Langmuir isotherms model constants

Langmuir constants Freundlich constants

Qmax (mg·g–1) KL (L·g–1) R2 RL KF (mg·g–1) 1/n R2

Natural clay 42.97 0.056 0.994 0.99 5.58 0.42 0.95
Clay composite beads 100.8 0.11 0.998 0.98 21.1 0.33 0.94

Table 6
Thermodynamic equations and their parameters

Equations Parameters

�G RT KD� � � ln R: is the universal perfect gas 
constant (R = 8.314 J·mol–1·K–1)
T: is the absolute 
solution temperature
KD: is the distribution 
coefficient
ΔG°: free energy (J·mol–1·K–1)
ΔH°: enthalpy (kJ·mol–1)
ΔS: entropy (J·mol–1·K–1)

K
Q
CD
e

e

=

lnK S
R

H
RTD �

�
�

�� �

Table 7
Thermodynamic parameters for the adsorption of Cd(II) using natural clay and clay composite beads

Adsorbents ΔG° (kJ·mol–1) ΔS° (kJ·mol–1·K–1) ΔH° (kJ·mol–1)

Temperature (K)

298 303 308 313 318

Natural clay –11.785 –13.3 –15.423 –16.229 –18.599 0.183 45.184
Clay composite beads –9.286 –10.706 –11.265 –11.958 –13.241 0.33 86.856
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physical–chemical properties of the adsorbents, such as 
the specific surface area, CEC, material texture, and other  
properties.

4. Conclusion

In summary, this study compared the efficiency of nat-
ural clay (NC) and clay composite beads (CCB) for the 
removal of cadmium ions from synthetic aqueous solutions 
using batch adsorption experiments. The optimal exper-
imental conditions were determined by varying the adsor-
bent mass, pH, concentration, temperature, and contact time. 
The results showed that the adsorption efficiency was higher 
at a pH close to 6.5. The kinetics of the adsorption process 
were modeled using the pseudo-second-order model, while 
the Langmuir isotherm model was found to be the most 
appropriate for describing the adsorption of Cd(II), with 
maximum adsorption capacities of 42.97 and 100.8 mg·g–1 
for NC and CCB, respectively. The thermodynamic parame-
ters indicated that the adsorption reaction was spontaneous, 
endothermic, and favorable, with a random distribution of 

Cd(II) at the adsorbent/liquid interface. The regeneration 
of NC and CCB was carried out using hydrochloric acid, 
and the results showed that both materials could be effec-
tively recycled. Overall, this study demonstrated that NC 
and CCB are effective, low-cost, and reusable adsorbents 
for the treatment of Cd(II)-contaminated effluents.
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